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Abstract
Currently, only two forms of laminated bamboo are commercially available as structural materials: unidirectional beams and boards, and cross-laminated boards. As a natural quasi-unidirectional composite, the lamination of bamboo into plies with specific orientations would allow the design and manufacture of a family of multi-axial composite laminates with unique properties. In this study, we test the tensile mechanical properties of single- and two-ply laminated bamboo at various off-axis loading angles and laminate configurations. The data is then compared to micro-mechanical models for predicting modulus and strength of composite laminates. On the basis of our analyses, we believe there is significant scope to extend the current range of laminated bamboo products to include angle-ply laminates. Moreover, we demonstrate that composite laminate theory is applicable to this natural composite and may be used for design of products and structures.






Engineered natural materials are being increasingly explored for structural uses in construction as alternatives to non-renewable conventional materials, like steel and concrete. Examples include a range of derivative wood [], bamboo [], and plant fibre [] products that are formed into composite materials with more consistent properties than the initial raw natural materials. One of the more common structural bamboo products, laminated bamboo, is made from strips of bamboo culm wall that are laminated (glued, stacked and pressed) together. While measured mechanical properties of whole culm bamboo have coefficients of variation (COV, ratio of standard deviation to mean) as high as 85% (typically around 30%) [], laminated bamboo exhibits values <15% [].
Although current uses of laminated bamboo are primarily in aesthetic and non/semi-structural surface applications, these applications exemplify some of the various design innovations possible with this natural fibre composite. For example, heat-bending of thin laminated bamboo sheets for the design and construction of a folded plate helical shell pavilion has been recently reported []. The undulating ceiling of T4 Madrid Airport, clad with strips of laminated bamboo which preserve the smooth and seamless nature of the roof’s form, is yet another example.
Here, we explore a further advance possible with laminated bamboo. A bamboo strip is itself a quasi-unidirectional composite with the structure-supporting sclerenchyma fibres oriented along the culm axis. Lamination of unidirectional plies of these strips in specific orientations allows the design and manufacture of a family of multi-axial composite laminates with unique properties, suitable for particular loading conditions in principal loading directions. Currently, only two forms of laminated bamboo are commercially available as structural materials: unidirectional beams and boards, in which all plies are oriented at 0°, and cross-laminated boards, in which n + 1 and n plies of 0° and 90° orientation are laminated in alternate fashion. 
Limited literature exists on the influence of orientation on the mechanical properties of engineered bamboo products (let alone laminated bamboo), and its consequent implications for design, applications and new materials. Knowledge of the performance of a material under oblique loads is imperative for design validation, especially as off-axis loads are common during service. Verma and Chariar [] have investigated the mechanical properties of laminated bamboo composites with a unidirectional 0°, cross-laminated 0° and 90°, as well as 0° and 45° ply lay-up. Surprisingly, as opposed to what may be expected from composite theory [], no significant difference in tensile modulus (14.3-16.0 GPa) and only a 18% difference in tensile strength (169-205 MPa) was observed between the ply products, although compressive and flexural properties exhibited more marked differences. Verma et al. [] further modelled the elastic properties of off-axis loaded bamboo lamina, although based on limited experimental data. Shangguan [] explored the compressive strength of off-axis loaded bamboo scrimber – an engineered bamboo product consisting of crushed bamboo fibre bundles saturated in polymer resin and compressed into dense blocks. They fitted a number of wood models to their experimental data with some success. 
In contrast, the dependence of Young’s modulus and tensile strength on the angle between fibres and the loading axis has been well-studied and is well-predicted for aligned fibre reinforced composites [], including for plant fibre composites []. To support further innovation in and design with laminated bamboo, we draw insights from the measurement and modelling of the mechanical properties of single- and two-ply laminated bamboo at various off-axis loading angles. In this paper, we have applied composite micromechanics models, as well as empirical wood models [, ], onto our results on laminated bamboo. While bamboo is a grass, technological developments in engineered bamboo have often been adopted from engineered wood. However, we have found that engineered bamboo is better modelled as a fibre reinforced composite [, ].
2		Experiments
2.1		Materials
For this study, single-layer 5 mm thick laminated Moso bamboo sheets were used. These sheets were produced by Moso BV from caramelised Moso bamboo (Phyllostachys pubescens). Caramelisation is a preservative treatment process comprising steam treatment of the bamboo materials (pre-lamination) at a pressure of 0.21-0.25 MPa and a temperature of 120-130 °C, for two periods of 150-170 minutes []. For producing two-ply bamboo composites, Lumber Jack 5 Min Polyurethane Wood Adhesive from Everbuild Building Products Ltd (UK) was employed.
2.2		Composite specimen manufacture
Two types of laminated bamboo composites were manufactured for testing: single-ply and two-ply. Sheets of 5 mm thick laminated bamboo were cut at different inclination angles (0, 5, 10, 15, 30, 45, 60, 75, 90) to the bamboo grain direction to produce rectangular samples with dimensions of 220 mm in length and 25 mm in width (Fig. 1a). The choice of dimensions was inspired from ISO 527-4:1997 [3].
Two-ply laminated bamboos were manufactured by having two 5 mm thick sheets cut at different inclination angles and glued together using the Everbuild polyurethane adhesive at a glue application rate of 300 g/m2, and thereafter clamped manually at 0.6 MPa for at least 8 hours. Samples with a range of phase difference – the angle between the two plies – were produced (Fig. 1b). All specimens were left to fully cure and equilibrate for at least 72 hours prior to testing. The specimens were then machined into a dogbone shape, with gauge length of 50 mm and width of 10 mm. Dogbone samples were necessary to minimise grip failure for the two-ply laminates; samples which failed at the grip were not included in the analysis. Grip failure occurred the most for [15,30] and [30,60], and was very common for [0,0]. 
2.3		Mechanical testing




Fig. 1. Off-axis tensile testing of laminated bamboo composites. a) Single-ply unidirectional composites at various orientation angles. b) Schematic defining the parameters for tensile testing of two-ply laminated bamboo: loading angle denotes the angle between the applied load and the orientation of the reference (first) ply, and phase difference denotes the angle between the plies (in two-ply laminated bamboo). c) Two-ply [0,90] composite being tested on an Instron universal testing machine equipped with a laser extensometer.
3		Results and Discussion
3.1	Single-ply bamboo composites
The representative stress–strain curves in Fig. 2 reveal the deterioration in tensile properties of the unidirectional single-ply bamboo composite with increasing off-axis loading angle. Fig. 3a) and b) illustrate that the most significant drop in stiffness and strength occurs for increasing loading angles between 0°<θ<30°. This demonstrates that a small change in loading angle to shift the loading direction off-axis to the grain orientation can dramatically change the material properties. Although, interestingly, the tensile strengths at 0° and 5° to the grain direction are comparable. For 45°<θ<90°, there is little variation in stiffness or strength. 
For laminated bamboo beams, high strength anisotropy ratios of 45-80 have been reported in literature [, ], while stiffness anisotropy ratios are much lower at around 6-7 []. Our analysis of laminated bamboo (from boards) finds anisotropy ratios to be E0/E90 = 9.2 for stiffness and σ0/σ90 = 15.3 for strength; this is comparable to other unidirectional plant fibre reinforced composites []. In comparison, wood has a higher anisotropy ratio for stiffness (6-67) and lower ratio for strength (6-12) []. 

Fig. 2. Typical stress–strain curves of off-axis loaded single-ply laminated bamboo.

















Fig. 3. Evolution of a) tensile modulus Eθ and b) tensile strength σθ of unidirectional single-ply laminated bamboo with off-axis loading angle θ. Experimental data (tabulated in Table 1) presented as filled circles, with error bars representing one standard deviation. The lines are model predictions for the experimental data: a) Eq. 1 for stiffness, and b) Eq. 2-4 for strength.	 




Strength data was modelled with three different failure criteria for comparison: Hankinson’s formula [, ], the Tsai-Hill criterion, and the Stowell-Liu criterion []. 
Hankinson’s formula (Eq. 2) is a popular empirical relationship describing the strength of wood at varying loading angles to the grain. While Hankinson initially derived Eq. 2 for compressive strength (with n = 2 in Eq. 2) [], numerous studies have demonstrated that the formula can also predict off-axis tensile strength with reasonable accuracy (using n = 1.5 to 2)  ADDIN EN.CITE []. It requires values of longitudinal strength σ0 and transverse strength σ90 as inputs. Here, we use it for off-axis tensile strength prediction of single-ply laminated bamboo. A notable limitation of the Hankinson formula, however, is that it is not a complete strength theory and it cannot predict strength for different off-axis loading combinations. Consequently, it is not employed in the next sub-section examining two-ply laminated bamboo.




In applying the models in Eq. 2-4 to our experimental data (Fig. 3), we use measured values of σ0 = 96.4 MPa and σ90 = 6.3 MPa. For Eq. 2 we fit the curve for n, and for Eq. 3-4 fit the curves for τ. All models predict the strength performance at high loading angles (>30°) well. The three-parameter Hankinson’s formula is a very good fit to the data for n = 1.8 (Ra2 = 0.966), and its prediction appears to be fairly identical to the Tsai-Hill criterion. 
In comparison to these models, the piece-wise Stowell-Liu criterion (with Ra2 = 0.997) is notably effective in predicting the strength when shear failure at the fibre/matrix interface dominates (i.e. for 5°<θ<45°), including the unusually high strength at θ = 5°. The changes in failure modes assumed in the Stowell-Liu criterion are consistent with fracture surface observations (Fig. 4a): 
i)	the 0° samples exhibit fibre-dominated failure in the form of longitudinal splitting and multiple jagged failure regions with fibre fracture and pull-out observable on the transverse fracture surface, and cell wall shearing observable on the longitudinal surface; 
ii)	the 5°, 10°, 15°, and 30° samples possess a rough surface and cell wall shearing, rolling and collapse, with fracture in the direction of fibre orientation; and 
iii)	the 45°, 60°, 75° and 90° samples show smooth and clean failure surfaces from transverse fibre failure, also with fracture in the direction of fibre orientation. 
The best-fit composite models employ a shear strength value of τ = 9 and 12.7 MPa. Sharma et al. [] have measured the shear strength of caramelised laminated bamboo to be 7.5 MPa, and using this value as an input to the models in Eq. 3-4 yields reasonable fits with Ra2 = 0.986 for the Stowell-Liu criterion and Ra2 = 0.830 for the Tsai-Hill criterion.

Fig. 4. Typical fracture surfaces of off-axis loaded a) single-ply and b) two-ply laminated bamboo. For two-ply composites, the laminate configuration and phase difference φ of example specimen are shown.
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3.2	Two-ply bamboo composites
Following the assessment of single-ply laminated bamboo, a number of two-ply laminated bamboo composites were manufactured and tested over a range of off-axis loading angles and phase differences. Table 2, and Fig. 5 and 6 present the measured tensile elastic modulus and strengths for these materials. The modulus ranges from 9.7 GPa ([0,0] at 0°) to 1.5 GPa ([0,0] at 90° or [90,90]), while the strength ranges from 82.1 MPa ([0,0] at 0°) to 4.7 MPa ([0,0] at 90° or [90,90]). An important insight, which demonstrates the role of phase difference alongside loading angle as a key parameter, is that the mean tensile modulus and strength of a [45,45] composite with a phase difference of 0° (2.0 GPa, 6.3 MPa) is different from a [45,-45] composite with a phase difference of 90° (2.6 GPa, 11.3 MPa); this is in agreement with predictions from composite laminate modelling analyses.
Based on the best-fit parameters used in the modelling of the single-ply composites in Fig. 3a (E0 = 15.5 GPa, E90 = 1.7 GPa, ν12 = 0.4, and G12 = 0.645 GPa), the theoretical tensile modulus of two-ply composites was predicted using composite laminate stiffness matrices [, ] (detail in Supplementary information S2); the predictions are illustrated in Fig. 5 alongside the experimental data. 
The theoretical tensile strengths of the two-ply laminates were predicted by manipulating the laminate stiffness matrices to apply the Tsai-Hill (maximum strain energy) and the maximum stress failure criteria (detail in Supplementary information S3 and S4). Parameters used for the models included measured values of σ0 = 96.4 MPa and σ90 = 6.3 MPa, and best-fit values of ν12 = 0.4, and G12 = 0.645 GPa, and τ = 9 MPa from the single-ply analysis. 
In general, the model predictions based on composite laminate theory fit the modulus and strength data of two-ply laminated bamboo reasonably well. However, predictions at low loading angles (0-15°) are not as well-matched to the experimental data as higher loading angles. For strength, the Tsai-Hill criteria shows better agreement with the experimental data than the maximum stress criterion; this is contrast to observations when modelling single-ply tensile strength where the maximum stress theory was a better predictor. 
We observe that [0,90] laminates exhibit a substantially higher strength (ca 20%) and stiffness (ca 20%) than predicted by theory. In contrast, [0,0] laminates exhibit a substantially lower modulus (ca 35%) and strength (ca 15%) than model predictions. The latter is possibly explained by size effects (vis two plies vs one ply), and subsequent implications of weak-link scaling, especially given the COV of the properties. For instance, premature failure of one (the weaker) ply may lead to the catastrophic failure of the two-ply composite. Another more likely factor is that [0,0] samples had the highest grip failures, results of which were not incorporated into our analysis. We contemplate that these grip-failing specimen are more likely to be stronger/stiffer specimen; by excluding them, our sample population is self-selecting weaker.

Fig. 5. Evolution of tensile modulus of two-ply laminated bamboo with off-axis loading angle for various laminate configurations. Experimental data (tabulated in Table 2) presented as filled red dots, with the mean value depicted by the unfilled red circles. Filled green dots denote properties of equivalent laminate configurations (see Table 2). The dotted line is a theoretical prediction based on composite laminate analysis for ν12 = 0.4 and G12 = 0.645 GPa. Loading angle denotes the angle between the applied load and the orientation of the reference (first) ply, and phase difference denotes the angle between the two plies (see Fig. 1b).

Fig. 6. Variation in tensile strength of two-ply laminated bamboo with increasing off-axis loading angle for various laminate configurations. Experimental data (tabulated in Table 2) presented as small red dots, with the mean value depicted by the red circles. Green circles denote properties of equivalent laminate configurations (see Table 2). Model predictions based on the maximum stress criterion (solid line) and Tsai-Hill criterion (dotted line) are also illustrated. Loading angle denotes the angle between the applied load and the orientation of the reference (first) ply, and phase difference denotes the angle between the two plies (see Fig. 1b).


Table 2. Tensile modulus and tensile strength for two-ply laminated bamboo at different loading angles. Equivalent laminate configurations are also listed.
Phase difference [°]	Ply angle [°]	Modulus	Strength	Equivalent laminate configuration




























Observations of the fracture surfaces (Fig. 4b) reveal that two-ply laminates, particularly with non-zero phase difference, exhibit mixed-mode failures, with the individual plies fracturing how a single ply of that orientation would characteristically fail. For instance, for a [15,15] laminate, both plies exhibited shear-dominated failure with catastrophic cracks in the same direction (aligned with the fibre direction). In comparison, a [30,75] laminate showed shear-dominated failure in the 30° ply and shear/transverse fibre failure in the 75° ply, while a [0,90] laminate showed longitudinal tensile failure, splitting and fibre pull-out in the 0° ply, and clean transverse fibre failure in the 90° ply. This also suggests that there may be some slippage at the adhesive interface between the laminae.

4	Conclusions
In the early stages of fibre reinforced composite development, designers and manufacturers quickly turned to what is known as a ‘black aluminium’ approach – conventional metals (namely, aluminium) were replaced by quasi-isotropic glass and carbon fibre reinforced composite laminates (e.g. [0,90], [0,90,45,-45]) in order to simplify the design problem to where shape and thickness of the composite were the only variables. This practise is now rarely used as it is well known that ply orientation can be optimised to reduce part weight and cost.
Current applications of laminated bamboo composites for beams and floor materials have resulted in two principal laminate configurations, much like in ‘black aluminium’ fashion: unidirectional for maximum strength, and cross-laminated for ease in thickness build-up and quasi-2D isotropy. Our experimental analysis and modelling of laminated bamboo as a laminate composite material concurs with the dominance of these two laminate configurations. Yet, our analysis also reveals opportunities angle-ply laminates offer, particularly in cases where loading scenarios are more complex. Structural and civil engineers routinely compute and analyse the load paths and the orientation of the stress fields in a structure. When employing laminated bamboo, one could, given a specific stress field, select an optimum laminate configuration for engineered bamboo, enabling reduction in material use, and consequently weight and cost. Such design approaches are commonly used for conventional fibre reinforced composites. This is a design innovation still waiting to happen with laminated bamboo composites. 




This work was conducted as part of an Undergraduate Research Opportunity Program (UROP) project in the Department of Architecture at the University of Cambridge. This project was supported by a Leverhulme Trust Programme Grant. Bamboo materials for this work were supplied by Moso BV.
Additional data related to this publication is available at the University of Cambridge’s Institutional Data Repository (DOI will be added upon final review).
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